INTRODUCTION {#SEC1}
============

The spliceosome is emerging as a potential therapeutic target and a potent driver of human disease ([@B1],[@B2]). While defects in the splicing machinery have previously been implicated in spinal muscular atrophies ([@B3]) and some forms of retinitis pigmentosa ([@B4]--[@B6]), recent evidence suggests strong links between the splicing machinery and cancer ([@B7]). The spliceosome is an intricate molecular machine composed of 5 U-rich small nuclear ribonucleoproteins (the U1, U2, U4, U5, U6 snRNPs) that function in concert with numerous other splicing factors to excise introns from nascent pre-mRNA ([@B8],[@B9]). Mutations in several snRNP proteins are implicated in a variety of cancers, while the splicing machinery in general appears to be critical for proliferation of c-MYC associated cancers ([@B10]) as well as DNA repair through the ATM signaling pathway ([@B11]).

Among splicing factors implicated in disease, the U2 snRNP protein SF3b1 is of particular interest since SF3b1 mutation is strongly correlated with cancers such as uveal melanoma, chronic lymphocytic leukemia (CLL) and myelodysplastic syndromes (MDS) ([@B12]--[@B14]). Many of the same mutations are associated with different diseases arising from distinct cell lineages ([@B15]). Bioinformatic analysis has shown that SF3b1 mutations are correlated with changes in alternative splicing, often due to the selection of cryptic, upstream 3΄ SS ([@B16]). Recent experiments have pointed to alternative BS usage by the spliceosome instigating cryptic 3΄ SS activation ([@B17]--[@B19]); however, the mechanisms by which SF3b1 mutations can influence usage of one BS or 3΄ SS over another are unclear.

SF3b1 is the largest protein of the SF3 complex, which itself is a component of the U2 snRNP. U2 is recruited to introns early in spliceosome assembly and subsequent ATP-dependent transitions result in basepairing of the U2 snRNA to the branchsite (BS) in the pre-spliceosome or spliceosome A complex (Figure [1A](#F1){ref-type="fig"}) ([@B20]). These transitions require the DEAD-box helicase Prp5/DDX46 ([@B21]). U2 then undergoes dramatic conformational changes during splicing resulting in basepairing between the U2 and U6 snRNAs to form the catalytic core of the spliceosome ([@B9]).

![MDS alleles of Hsh155 do not affect proliferation in yeast. (**A**) Schematic comparison of pre-spliceosome formation in *S. cerevisiae* and *H. sapiens*. Hsh155/SF3b1 function as part of the U2 snRNP, interacting with the BS/U2 snRNA duplex and downstream intronic RNA. (**B**) (Top) Schematic primary structure of SF3b1, with regions known to interact with other splicing factors indicated. (Bottom) Alignment of sequences from *H. sapiens, D. melanogaster, C. elegans, S. pombe* and *S. cerevisae*. Positions found to be frequently mutated in MDS and CLL are shown in red and the amino acid numbering corresponds to *H. sapiens* SF3b1. The most frequently occurring mutations at those positions are shown in blue with the numbering for *S. cerevisiae* Hsh155. (**C**) Haploid yeast expressing only *HSH155^MDS^* alleles are viable when plated on FOA. (**D**) Representative temperature sensitivity growth assays of Hsh155^MDS^ strains plated on YPD. No growth defects are observed in haploid strains expressing only Hsh155^MDS^ plated on YPD at 16, 25, 30 or 37°C. Successive 10-fold dilutions of a OD~600~ = 0.5 culture are shown.](gkw1349fig1){#F1}

SF3b1 crosslinks both up- and downstream of the BS in the spliceosome A complex, underlying a role in stabilizing the U2 snRNA/BS duplex and positioning protein factors within the spliceosome that interact with this duplex ([@B22],[@B23]). Recent structures of the catalytically activated (B^act^) yeast spliceosome ([@B24],[@B25]) and the isolated SF3b complex ([@B26]) have revealed the molecular architecture of both human and yeast SF3b1/Hsh155 and other components of the SF3b complex. Hsh155 directly contacts the U2 snRNA/BS duplex and may help stabilize the bulged branchpoint adenosine. Missense mutations found in MDS map to the surface of the HEAT-repeat domain of SF3b1 in the region that interacts with the intron between the BS and 3΄ SS and nearby the DEAH-box helicase Prp2. This region of SF3b1 is highly conserved among eukaryotes, suggesting its function within the spliceosome is also conserved (Figure [1B](#F1){ref-type="fig"}).

SF3b1 is also the target of several antitumor compounds, such as spliceostatin A ([@B27]), pladienolide B ([@B28]) and herboxidiene ([@B29]). The antitumor compound E7107 targets SF3b1 to block ATP-dependent A complex formation as well as a conformational change in U2 that exposes the snRNA region responsible for basepairing to the BS ([@B30]). SF3b1 must undergo additional conformational changes during splicing in order to release the U2/BS duplex. Prior to 5΄ splice site (SS) cleavage, Prp2 remodels the spliceosomal active site, resulting in juxtaposition of the 5΄ SS and BS as well as a decrease in affinity between the entire SF3 complex, including SF3b1, and the catalytic spliceosome ([@B31]--[@B34]). Despite this reduced affinity, SF3b1 still influences splicing chemistry, as pladienolide B binds to SF3b1 to both prevent spliceosome assembly and inhibit exon ligation ([@B35]). Together, these data from the E7107 and pladienolide B splicing inhibitors suggest that U2 and SF3b1 may undergo similar conformational changes during assembly of the spliceosome and catalysis.

To investigate the impact of SF3b1 on the molecular mechanisms of splicing, we have incorporated naturally occurring human MDS alleles into the yeast SF3b1 ortholog and studied their impact on the well-characterized yeast spliceosome. *In vivo* splicing assays in combination with an MDS allele-centered yeast two-hybrid (Y2H) screen have allowed us to define the consequences of mutation of a core U2 snRNP protein on both splicing and the association of essential splicing factors. SF3b1 mutations alter usage of nonconsensus BS containing substitutions at the same positions impacted by mutation of the DEAD-box ATPase Prp5; however, the mechanisms by which mutation of these two splicing factors influence BS usage are distinct. Moreover, the Y2H screen also suggests that SF3b1 is a central hub for recruitment of splicing factors to the spliceosome active site, and we show that MDS mutations can interact genetically with Prp2 mutants. Combined, these results suggest that branchsite selection arises from balancing the opposing activities of SF3b1 and Prp5 during spliceosome assembly.

MATERIALS AND METHODS {#SEC2}
=====================

*Saccharomyces cerevisiae* strains used in these studies were derived from 46α (kind gift of David Brow), BJ2168 or ySSC026 (kind gift of Soo-Chen Cheng) ([@B36],[@B37]). [Supplemental Tables S1 and S2](#sup1){ref-type="supplementary-material"} contain detailed lists of strains and plasmids. Yeast transformation and growth was carried out using standard techniques and media ([@B38]).

Site-directed mutagenesis {#SEC2-1}
-------------------------

Point mutants were generated using inverse polymerase chain reaction (PCR) with Phusion DNA polymerase (New England Biolabs; Ipswich, MA, USA). The PCR was performed for 16 cycles using primers with the desired mutations incorporated at the 5΄ ends. PCR products were treated with DpnI (New England Biolabs; Ipswich, MA) to remove template, 5΄ phosphorylated and self-ligated using T4 polynucleotide kinase (New England Biolabs) and T4 DNA ligase (New England Biolabs; Ipswich, MA) and transformed into Top10 competent cells. Individual colonies were screened by sequencing to identify the desired mutation.

Temperature growth assays {#SEC2-2}
-------------------------

Yeast strains expressing WT or mutant *HSH155* alleles were grown to mid-log phase in YPD, the OD was adjusted to OD~600~ = 0.5 and equal volumes were spotted onto YPD plates. Plates were incubated at the indicated temperature and scored after 3 days growth at 23°C, 30°C, 37°C and 10 days at 16°C.

*ACT1-CUP1* copper assays {#SEC2-3}
-------------------------

*ACT1-CUP1* reporters and growth assays have been described previously ([@B36]). Briefly, yeast strains expressing WT or mutant proteins and *ACT1-CUP1* reporters were grown to mid-log phase in the appropriate media to maintain selection for the plasmids, adjusted to OD~600~ = 0.5 and equal volumes were spotted onto plates containing 0, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.25 or 2.5 mM CuSO~4~. Plates were scored after 3 days growth at 30°C.

RNA analysis {#SEC2-4}
------------

Yeast were grown in selective liquid media until OD~600~ reached 0.5--0.8. Cells (10 OD~600~ units) were harvested by centrifugation, and total cellular RNA was isolated using a MasterPure Yeast RNA Purification Kit (Epicentre BioTechnologies; Madison, WI) according to the vendor\'s instructions. Primer extensions reactions were performed using SuperScriptIII reverse transcriptase (ThermoFisher Scientific; Waltham, MA) and the primers YAC6 (5΄-GGCACTCATGACCTTC-3΄) and yU6 (5΄-GAACTGCTGATCATCTCTG-3΄) ([@B39]). Primer extension reactions contained 10 μg total cellular RNA, 10 U Superscript III, and 400 nM each \[^32^P\]-end-labeled primer. Assembled extension reactions were incubated at 55°C for 1 h and extension products were analyzed using denaturing PAGE (7% acrylamide:bisacrylamide (19:1), 8M urea, 1× TBE). Gels were then transferred to BioRad filter paper, dried, and exposed to a PhosphorImager screen. The PhosphorImager screen was imaged using a Typhoon FLA 9000 biomolecular imager (GE Healthcare Life Sciences; Chicago, IL, USA) and band intensities were quantified using ImageJ software.

Yeast-two hybrid assays {#SEC2-5}
-----------------------

The Hsh155 open reading frame (ORF) was cloned into pGADT7 (Clontech) generating a GAL4-activation domain-Hsh155 fusion. The ORFs of Bud13, Clf1, Cus1, Cus2, Hsh49, Mud2, Prp2, Prp5, Prp11, Prp22, Prp28, Prp43 and Ysf3 were fused to the C-terminus of the Gal4-DNA binding domain in plasmid pGBKT7. Each pair of plasmids was transformed into the S. *cerevisiae* strain Y2H GOLD, which has the Gal4 UAS upstream of the *HIS3* and *ADE2* loci. Expression of fusion proteins was confirmed by western blotting and plasmids were assayed for autoactivation in combination with empty vectors (i.e. pGADT7 without anything cloned into the vector). Interactions were examined by growth on media lacking histidine, leucine and tryptophan. Briefly, Y2H expressing both fusions were grown in media lacking leucine and tryptophan to maintain selection for the plasmids. Ten-fold serial dilutions beginning with OD~600~ = 0.5 was plated onto solid media and plates were scored after 3 days incubation at 30°C.

TCA precipitation and western blotting {#SEC2-6}
--------------------------------------

Total protein was isolated by tricholoracetic acid (TCA) precipitation ([@B40]). Yeast were grown in selective media until reaching OD~600~ = 0.5--1.0. Ten OD~600~ units were harvested by centrifugation, and cell pellets were washed with 20% TCA. After washing, pellets were suspended in 20% TCA and subjected to mechanical lysis using glass beads. Glass beads were removed and 5% TCA was added to achieve a final concentration of ∼10% TCA and precipitated proteins were collected by centrifugation. Pellets were washed with 70% ethanol, followed by solublization in 1 M Tris pH 8.0 and subsequent SDS-PAGE.

For western blotting, one volume of 2× Laemmli Buffer was added to TCA-precipitated total protein or soluble yeast whole cell extract and the sample was denatured by incubation at 95°C for 5 min. Centrifugation was used to remove insoluble material and the resulting supernatant was resolved on 4--20% Criterion TGX midi protein gel (200 V for 1 h; Bio-Rad; Hercules, CA, USA). Proteins were subsequently transferred to a nitrocellulose membrane for blotting (30 min, 100 V, 4°C). The membrane was blocked using 5% (w/v) non-fat dry milk dissolved in 1× TBST and probed using the appropriate antibodies. Blots were developed using Clarity Western ECL substrate (Biorad; Hercules, CA) and imaged using an Imagequant LAS 4000 Imager (GE Healthcare Life Sciences; Chicago, IL, USA). The Prp8 antibody was a kind gift of Soo-Chen Cheng. Antibodies against the HA and c-myc tags were conjugated to horseradish peroxidase (HRP) and obtained from Sigma Aldrich and ThermoFisher Scienitific, respectively. V5 antibody was purchased from Bio-Rad AbD Serotech (Hercules, CA). Goat α-rabbit-HRP and goat α-mouse-HRP secondary antibodies Bio-rad AbD Serotech (Hercules, CA).

RESULTS {#SEC3}
=======

Given that cancer-causing mutations in human SF3b1 have been implicated in altering BS selection by the spliceosome ([@B18]), we reasoned that a library of SF3b1 mutations could be used to produce a set of alleles in yeast that would allow us to dissect the role of the protein. The majority of SF3b1 mutations associated with MDS and other diseases cluster within a region corresponding to the C-terminal HEAT repeats of the protein, specifically repeats four through nine (Figure [1B](#F1){ref-type="fig"}). This region is highly conserved (\>50% identical) between humans and the yeast SF3b1 ortholog, Hsh155. We deleted the chromosomal *HSH155* gene and maintained yeast viability by expression of wild type (WT) Hsh155 from a low-copy *URA3/CEN6*-containing plasmid. We then generated yeast strains expressing only the MDS alleles by transformation of the *WT/URA3* yeast with *TRP1/CEN6*-containing plasmids with MDS mutant alleles and subsequent 5-FOA selection of the resulting transformants. Because the most frequently mutated position in human disease, K700, corresponds to P369 in yeast, we generated both P369K and P369E alleles. Additionally, we also incorporated two disease alleles (corresponding to G409E and K410N in Hsh155) that have so far only been observed in patients diagnosed with CLL but not MDS ([@B41]). All transformants were viable when grown on 5-FOA-containing media and the genotypes were confirmed by plasmid rescue and DNA sequencing (Figure [1C](#F1){ref-type="fig"} and [Supplemental Figure S1B](#sup1){ref-type="supplementary-material"}). In total, we generated a library of 17 isogenic strains containing either WT or one of 16 different missense mutations corresponding to MDS and CLL disease alleles (collectively labeled Hsh155^MDS^; Figure [1B](#F1){ref-type="fig"}, [Supplemental Figure S1A](#sup1){ref-type="supplementary-material"}, and [Supplemental Table S1](#sup1){ref-type="supplementary-material"}).

Disease alleles do not affect cellular proliferation in yeast {#SEC3-1}
-------------------------------------------------------------

We initially screened the mutant yeast strains for defects in proliferation or temperature sensitivity, which has often been observed upon mutation of the splicing machinery. All of the mutant yeast strains were viable when expressing only mutant Hsh155. Measurement of doubling times in liquid culture at 30°C also showed no significant differences between the mutant and WT strains ([Supplemental Figure S1C](#sup1){ref-type="supplementary-material"}). When the growth of each strain was assayed at different temperatures ranging from 16 to 37°C, we detected no discernable difference between any of the mutants and the WT control (Figure [1D](#F1){ref-type="fig"} and [Supplemental Figure S1D](#sup1){ref-type="supplementary-material"}). These data suggest that *HSH155^MDS^* alleles do not result in general defects in proliferation. As a consequence, MDS mutant Hsh155 proteins are functional and mutations likely do not cause general disruption of pre-mRNA splicing in yeast.

MDS mutations alter the splicing of pre-mRNAs with nonconsensus branchsites {#SEC3-2}
---------------------------------------------------------------------------

We next assayed our Hsh155^MDS^ mutant library using the *ACT1-CUP1* splicing reporter to evaluate the capacity of each mutant to splice pre-mRNA. This assay utilizes a reporter plasmid expressing the *CUP1* copper resistance gene fused to an intron-containing portion of the actin (*ACT1*) pre-mRNA (Figure [2A](#F2){ref-type="fig"}) ([@B36]). Expression and proper splicing of this reporter gene confers growth in the presence of Cu^2+^, with the maximum concentration of Cu^2+^ upon which the yeast grow proportional to the extent of *ACT1-CUP1* pre-mRNA splicing.

![MDS mutations alter the splicing of introns with nonconsensus BS sequences. (**A**) Schematic representation of the *ACT1-CUP1* reporter pre-mRNA. The consensus sequences of the yeast 5΄ SS, BS, and 3΄ SS are shown. The position of A258 is noted and the branchpoint adenosine is underlined. (**B**) Cu^2+^ growth assay of strains carrying an *ACT1-CUP1* reporter plasmid with a consensus intron. Representative images are shown at the top and the maximum \[Cu^2+^\] at which growth was observed is plotted below. (**C**) Determination of *ACT1-CUP1* reporter RNA levels by primer extension from isolated total yeast RNA. (Top) Positions of the pre-mRNA and mRNA are noted in the primer extension polyacrylamide gel. (Middle) Primer extension analysis of the U6 snRNA was used as an internal control and analyzed on the same gel as shown in the top panel. (Bottom) Quantification of the amount of *ACT1-CUP1* mRNA after normalization to U6 for each strain. U6 bands are taken from the same gel and contrast has been adjusted. (**D**) Cu^2+^ growth assay of strains carrying an *ACT1-CUP1* reporter plasmid with a A258U nonconsensus BS. (**E**) Determination of A258U *ACT1-CUP1* reporter RNA levels by primer extension from isolated total yeast RNA. (**F**) Heatmap summarizing mutant *ACT1-CUP1* reporter data for all BS reporters tested. Plotted data represent the log~2~ transform of the ratio of the maximum \[Cu^2+^\] at which growth was observed for the indicated Hsh155^MDS^ mutant to the maximum \[Cu^2+^\] at which growth was observed for Hsh155^WT^. Purple colors indicate decreased growth relative to Hsh155^WT^, and yellow colors indicate improved growth. (**G**) Cu^2+^ growth assay of merodiploid strains expressing the indicated *HSH155^MDS^* allele from a plasmid in addition to the chromosomal copy of Hsh155^WT^ for the WT, U257C and A258U *ACT1-CUP1* splicing reporters. (**H**) Cu^2+^ growth assay of strains expressing Hsh155 proteins harboring multiple MDS mutations for the WT, U257C, and A258U *ACT1-CUP1* splicing reporters. In panels B, D-E, and G-H, each bar represents the average of three independent experiments, and error bars represent the standard deviation.](gkw1349fig2){#F2}

Consistent with the proliferation data in Figure [1](#F1){ref-type="fig"}, all of the Hsh155^MDS^ strains grew equally well in the presence of Cu^2+^ while expressing an *ACT1-CUP1* reporter with consensus splice sites (Figure [2B](#F2){ref-type="fig"} and [Supplemental Figure S1E](#sup1){ref-type="supplementary-material"}). To probe *ACT1-CUP1* pre-mRNA and mRNA levels directly, total cellular RNA was isolated from each strain and primer extension reactions were performed. In all cases we observed the spliced *ACT1-CUP1* mRNA as the predominant species and only small amounts of unspliced pre-mRNA (Figure [2C](#F2){ref-type="fig"}). Taken together these data indicate that the splicing of introns containing consensus splice sites is not affected by these mutations of Hsh155.

To investigate if MDS alleles would alter the splicing of nonconsensus introns, we combined our mutant library with an *ACT1-CUP1* reporter incorporating a single substitution in the BS sequence (i.e. A258U: UACUuAC, substitution in lowercase; Figure [2A](#F2){ref-type="fig"}). In contrast to our results with the consensus *ACT1-CUP1* reporter, yeast strains transformed with the A258U reporter no longer grew equally well in the presence of Cu^2+^ (Figure [2D](#F2){ref-type="fig"}). Most strains (e.g. Hsh155^K335E^) could only support growth at lower levels of Cu^2+^ than Hsh155^WT^. However, some mutants grew more robustly than Hsh155^WT^ and supported growth at high Cu^2+^ levels (the E291D, R294L and D450G mutants). To validate that the changes in growth are correlated with changes in pre-mRNA splicing, we isolated total RNA from each strain and characterized the relative amounts of spliced and unspliced reporter by primer extension. The general trends observed in the Cu^2+^ growth assay with the A258U reporter are recapitulated with the primer extension assay with the strains showing the greatest growth inhibition also showing the smallest accumulation of spliced mRNA (Figure [2E](#F2){ref-type="fig"}). Thus, MDS variants of Hsh155 alter splicing of introns containing the nonconsensus BS substitution A258U but not the consensus BS.

To assess whether or not the splicing of introns with BS substitutions other than A258U is impacted by MDS mutations, we singly transformed each member of our missense library with ten additional *ACT1-CUP1* reporters encoding at least one substitution at each position within the BS. We then tested each strain to determine the extent of growth on Cu^2+^-containing media. Given the size of the resultant data set, we created a heatmap showing the growth of each strain with each reporter as the log~2~ transform of the ratio of the maximum \[Cu^2+^\] tolerated by the Hsh155 mutant strain relative to the maximum \[Cu^2+^\] tolerated by the WT strain (Figure [2F](#F2){ref-type="fig"}).

The data show a striking and highly specific impact of MDS alleles on the splicing of introns containing substitutions at positions −2, −1 and +1 relative to the branchpoint adenosine (i.e. substitutions at U257, A258 and C260). Every MDS allele tested in our library altered the splicing of at least one of the *ACT1-CUP1* reporters with substitutions at these positions. As with the A258U reporter, most of the MDS alleles tested showed impaired growth on Cu^2+^ relative to WT for other BS reporters and a corresponding decrease in mRNA by primer extension (purple boxes, Figure [2F](#F2){ref-type="fig"} and [Supplemental Figure S3A-C](#sup1){ref-type="supplementary-material"}). Splicing of reporters with substitutions immediately 5΄ of the branchpoint (−1, A258) was strongly affected by MDS alleles, with A258U showing effects with every missense Hsh155 mutant tested. However, not all substitutions at A258 impacted splicing equally: the A258G substitution showed no change between the WT and MDS alleles while the A258C mutation was nearly as impactful as A258U. Many but not all MDS alleles that showed decreased growth relative to WT with the A258U reporter also showed decreased growth with substitutions at the −2 and +1 positions (U257C and C260G, respectively). The Hsh155^P369E^ mutation corresponding to the frequently observed K700E MDS allele was more disruptive than incorporation of the lysine found in SF3b1 at that position (Hsh155^P369K^) (Figure [2F](#F2){ref-type="fig"} and [Supplemental Figure S1D](#sup1){ref-type="supplementary-material"}). However, less frequently observed MDS alleles affect yeast growth more significantly than either P369 mutation (cf. Hsh155^P369E^ vs. Hsh155^K335E^). Together these results show that *Hsh155^MDS^* alleles impact the splicing of introns containing nonconsensus nucleotides at the −2, −1 and +1 BS positions, these alleles are most sensitive to transversions at the −1 position, and the most common result is a decrease in splicing of introns with these nonconsensus BS.

The majority of the SF3b1 mutations tested in our *ACT1-CUP1* assay have been implicated in both CLL and MDS. Despite the fact that many of the same mutations are found in both diseases, the prognostic outcome for an MDS patient differs greatly from a CLL patient, with SF3b1 mutation being favorable in MDS and unfavorable in CLL ([@B15],[@B42]). We sought to further understand this disparity by investigating the mutations G409E and K410N, which have thus far only been linked to CLL. Like mutations associated with both diseases, combination of the CLL-specific mutations with *ACT1-CUP1* reporters bearing nonconsensus BS revealed that Hsh155^G409E^ and Hsh155^K410N^ only affect substitutions at the −2, −1 and +1 position of the BS ([Supplemental Figure S1E](#sup1){ref-type="supplementary-material"}). These results suggest that while different mutations in SF3b1 in humans are correlated with distinct cancers, the mechanism of action in yeast for the mutations in the HEAT repeat is likely the same.

While most of the MDS mutants grew less well than Hsh155^WT^ with BS-substituted *ACT1-CUP1* reporters, a few alleles exhibited the opposite effect and showed increased growth on Cu^2+^ relative to Hsh155^WT^. The strains Hsh155^E291D^, Hsh155^R294L^, and Hsh155^D450G^ all showed increased growth in the presence of Cu^2+^ compared to Hsh155^WT^ (Figure [2F](#F2){ref-type="fig"}; yellow boxes). While Hsh155^E291D^ only displayed this phenotype with the A258U reporter, both Hsh155^R294L^ and Hsh155^D450G^ showed increased growth with multiple *ACT1-CUP1* reporters and were sensitive to both the A258U and A258C substitutions. Hsh155^D450G^ displayed the broadest impact on splicing, affecting growth in yeast with reporters containing substitutions at U257 and A258 (Figure [2A](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). Strikingly, a single position mutated to different amino acids yielded opposite phenotypes. While Hsh155^R294L^ showed increased growth with the A258U and A258C reporters, Hsh155^R294C^ showed a decrease in growth using these same reporters. Combined with the results described above, these experiments demonstrate that MDS alleles can increase or decrease splicing of an intron containing BS substitutions at the −2, −1 or +1 positions and that different missense mutations of the same amino acid can have opposite effects.

It is possible that mutations in *HSH155* are destabilizing and lead to changes in nonconsensus intron splicing by reducing the concentration of the protein in cells. To test this, we generated strains with three copies of the HA epitope at the C-terminus of Hsh155^WT^ as well as two of the Hsh155^MDS^ mutants showing the strongest phenotypes in our Cu^2+^ growth assay (Hsh155^K335E^ and Hsh155^D450G^) and assayed protein levels by western blot ([Supplemental Figure S2](#sup1){ref-type="supplementary-material"}). All mutants showed similar levels of Hsh155 relative to both Prp8 and Prp5, suggesting that the mutations do not affect Hsh155 expression. Additionally, we generated merodiploid strains expressing both mutated and wild-type Hsh155 to determine whether the effect of MDS mutants on splicing the U257C and A258U reporters is dominant or recessive. In all cases tested, the effect of expressing Hsh155 with MDS mutations alone is recapitulated in the merodiploid strains, including the small effect of the R294L mutation on splicing the U257C reporter (Figure [2G](#F2){ref-type="fig"}). However, the magnitudes of the changes in splicing are less than what is observed when expressing only the mutant copy, which is consistent with the incorporation of both isoforms into functional spliceosomes and indicates that Hsh155^MDS^ mutations are semi-dominant. These data show that Hsh155 plays an active role in BS selection and mutations associated with MDS compromise the ability of Hsh155 to act during splicing.

The effects of Hsh155^MDS^ mutations are additive {#SEC3-3}
-------------------------------------------------

We further explored the effect of these mutations by generating additional strains bearing multiple Hsh155^MDS^ mutations and assaying them for altered reporter splicing. For this, we chose the mutations R294L and N295D (which decrease and increase growth in *ACT1-CUP1* reporter assays, respectively) and individually combined them with the mutations H331D, K335E, and D450G to generate six additional strains. When tested using *ACT1-CUP1* reporters with substitutions in the BS at the −2 or −1 position, Hsh155 double mutants displayed additive effects (Figure [2H](#F2){ref-type="fig"}). For example, the Hsh155^R294L/H331D^ double mutant strain was less tolerant of Cu^2+^ than Hsh155^R294L^ alone and the Hsh155^R294L/D450G^ double mutant was more tolerant than Hsh155^R294L^ alone. The same additive trend was also observed for the N295D mutation when combined with H331D or D450G. The Hsh155^N295D/K335E^ double mutant strain was the only variant to deviate from this trend, but this may be the result of being unable to further reduce splicing and Cu^2+^ tolerance in a strain already severely impaired by the K335E mutation. Interestingly, these double mutant strains still showed no changes in splicing consensus intron reporters, further supporting the notion that MDS mutations give rise to change by altering the splicing of specific nonconsensus introns rather than by causing a general pre-mRNA splicing defect.

Hsh155^MDS^ mutations do not alter splicing of nonconsensus 5΄ or 3΄ splice sites and do not affect cryptic 3΄ SS discrimination {#SEC3-4}
--------------------------------------------------------------------------------------------------------------------------------

To investigate if the impact of MDS alleles is limited to BS substitutions, we tested eight additional *ACT1-CUP1* reporters with single nucleotide substitutions in the consensus 5΄ splice site (5΄ SS) or 3΄ splice site (3΄ SS). In all cases, yeast strains with MDS alleles grew to levels equivalent to Hsh155^WT^ in the presence of Cu^2+^ (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}), supporting the notion that splicing of reporters with mutations at these sites are not affected by MDS alleles. This is consistent with SF3b1/Hsh155 primarily functioning near the BS and at nearby, downstream sequences.

![MDS mutations do not affect the splicing of introns containing nonconsensus 5΄ SS and 3΄ SS or 3΄ SS selection. (**A**) Heatmap summarizing mutant *ACT1-CUP1* reporter data for all 5΄ SS substitution reporters tested. Data were normalized and the heatmap generated as in Figure [2F](#F2){ref-type="fig"}. No changes in 5΄ SS usage were observed. (**B**) Heatmap summarizing mutant *ACT1-CUP1* reporter data for all 3΄ SS substitution reporters tested. Data were normalized and the heatmap generated as in Figure [2F](#F2){ref-type="fig"}. No changes in 3΄ SS usage were observed. (**C**) Schematic representation of the *ACT1-CUP1* reporters used to evaluate cryptic 3΄ SS selection. The cryptic 3΄ SS is located 10 nt downstream of the branchpoint adenosine and 34 nt upstream of the canonical 3΄ SS. Reporters containing both a consensus BS and an A258U substitution were used. (**D**) Primer extension and PAGE analysis of spliced products of the *ACT1-CUP1* reporters shown in (C) from total RNA isolated from the given yeast strains. Positions of the pre-mRNA and mRNA products are noted. The reporter containing the A258U nonconsensus BS also contains a larger 3΄ exon leading to shift in electrophoretic mobility between the consensus and nonconsensus reporter RNAs. The asterisk (\*) indicates an unknown band that was not reproducible. (**E**) Quantification of the data shown in (D) for 3΄ SS usage by the Hsh155^WT^ and given Hsh155^MDS^ strains. Bars represent the average of three independent experiments, and error bars represent the standard deviation.](gkw1349fig3){#F3}

To evaluate directly whether Hsh155^MDS^ mutants are intrinsically impaired at discriminating against cryptic 3΄ SS, we employed an *ACT1-CUP1* reporter mutated to include a second consensus 3΄ SS 10 nucleotides (nt) downstream of the branchpoint adenosine and 34 nt upstream of the canonical 3΄ SS (Figure [3C](#F3){ref-type="fig"}) (43). We tested for use of the proximal and distal 3΄ SS in Hsh155^WT^, Hsh155^R294L^, Hsh155^K335E^ and Hsh155^D450G^ mutant strains by primer extension (Figure [3D](#F3){ref-type="fig"}, left panel). We observed very little change in 3΄ SS discrimination. Further testing of these strains with a reporter bearing both the A258U BS substitution and a cryptic 3΄ SS also showed similar ratios of 3΄ SS usage between *HSH155* alleles (Figure [3D](#F3){ref-type="fig"}, right panel). Together, our *ACT1-CUP1* reporter data support the idea that MDS alleles likely do not affect 5΄ or 3΄ SS usage or discrimination between cryptic and bona fide 3΄ SS. Changes in cryptic 3΄ SS usage observed in humans with MDS may instead arise from a defect in the ability of the spliceosome to utilize weak BS, leading to alternative positioning of U2 on the intron and selection of a different BS.

Hsh155 interacts with multiple components of the splicing machinery {#SEC3-5}
-------------------------------------------------------------------

Our experiments using the *ACT1-CUP1* reporter reveal that SF3b1 mutations alter usage of nonconsensus BS. Recent structures have implicated the mutated HEAT repeats in direct binding of RNA downstream of the U2/BS duplex ([@B24],[@B25]). It is possible that mutation of these HEAT repeats either directly or indirectly distort the conformation of Hsh155/SF3b1 thereby altering contacts with other components of the spliceosome and leading to the observed pre-mRNA splicing changes. To test this idea, we used a yeast two-hybrid assay to screen for altered interactions upon mutation of Hsh155. A number of proteins that interact with Hsh155 have previously been identified by Y2H ([@B44]), and we assayed these identified interactions in combination with MDS mutations (Figure [4A](#F4){ref-type="fig"}; representative images in [Supplemental Figure S4](#sup1){ref-type="supplementary-material"}). Since SF3b1 has recently been implicated in influencing steps after pre-spliceosome formation ([@B35]), we also included a number of other factors that interact with the spliceosome during splicing.

![MDS mutations perturb interactions between Hsh155 and Prp5 but leave most other interactions intact. (**A**) Pseudo-heatmap showing the observed Y2H interactions of Hsh155 upon incorporation of MDS mutations with the given splicing factors. Red indicates an impaired growth relative to Hsh155^WT^ when plated on media that is selective for the Y2H interaction (-His dropout media), blue indicates improved growth, and light grey indicates no change. Dark grey indicates no observable Y2H interaction. (**B**) Representative western blot confirming expression of the fusion proteins to HSH155^MDS^ used in the Y2H assay. Expression of each potential interacting partner was also confirmed by western blotting and expression of Prp5 is also shown as a representative example. (**C**) Graphical representation of the relationship between changes in yeast growth observed with the BS A258U *ACT1-CUP1* splicing reporter (Figure [2D](#F2){ref-type="fig"}) and altered interactions observed by Y2H (Figure [4A](#F4){ref-type="fig"}). Shaded areas represent predictions made from a previously described model for Prp5-based BS fidelity in which retention of Prp5 leads to increased fidelity (red) and weakening of the Prp5 interaction leads to relaxed fidelity (green) ([@B37]).](gkw1349fig4){#F4}

Hsh155 was fused to the GAL4 activation domain (AD) while each potential interacting protein was fused to the GAL4 DNA binding domain (BD). We confirmed expression of each AD-Hsh155 mutant by western blotting, and all mutants expressed equally well in the Y2H strain (Figure [4B](#F4){ref-type="fig"}). Similarly, we confirmed expression of potential interaction partners and only the fusions that were shown to express by western blotting were included in the assay. We screened 15 alleles of Hsh155 against 15 components of the splicing machinery, for a total of 225 potential interactions.

The Y2H screen using an AD-Hsh155^WT^ fusion confirmed previously known interactions with Bud13, Clf1, Cus2, Mud2, and Prp5 as well as identified new potential binding partners. Novel Y2H interactions were detected between Hsh155 and the SF3b components Cus1 and Ysf3. We did not observe any Y2H interaction between AD-Hsh155^WT^ and either the SF3a protein Prp11 or SF3b protein Hsh49. These results suggest that the AD-Hsh155 Y2H assay is reporting on a subset of protein-protein interactions occurring within U2 or the spliceosome.

The Y2H screen also identified previously unknown interactions between Hsh155 and Prp2, Prp43, and Slu7. Prp2 and Prp43 are both spliceosomal DEAH-box ATPases ([@B32]), while Slu7 is a second step factor important for selection of 3΄ SS ([@B43]). Our observed interaction between Hsh155 and Prp2 agrees with the role of Prp2 in activation and remodeling of the U2/U6 active site (which involves destabilization of SF3) as well as recent cryo-electron microscopy (cryo-EM) structures of spliceosomes ([@B24],[@B25],[@B32]--[@B34],[@B45]). To our knowledge, a Y2H interaction between Hsh155 and Prp43 has not previously been reported. Prp43 has multiple roles in the splicing cycle and is responsible for disassembly of lariat--intron product complexes as well as spliceosomes rejected by proofreading mechanisms ([@B46],[@B47]). Prp43 may interact with Hsh155 to gain access to the U2/U6 active site during disassembly ([@B48]). We observed no interaction between AD-Hsh155^WT^ and the DEAD-box ATPase Prp28 or DEAH-box ATPase Prp22. This is consistent with Prp28 and Prp22 acting on the spliceosome at regions other than the BS: Prp28 isomerizes interactions between the 5΄ SS and U1 and U6, while Prp22 promotes mRNA release and crosslinks to the 3΄ exon ([@B32]). Together these results suggest that SF3b1 may interact with a subset of spliceosomal ATPases that need to function at or near the U2/BS pairing region.

Interactions with Hsh155 remain intact upon inclusion of SF3b1 disease alleles with the exception of Prp5 {#SEC3-6}
---------------------------------------------------------------------------------------------------------

*HSH155^MDS^* alleles altered a small subset of the Y2H interactions while leaving most others unaffected (Figure [4A](#F4){ref-type="fig"}). None of the MDS mutations changed interactions between Hsh155 and Bud13, Cus2, or Clf1. The R294C and R294L mutations disrupted interactions among the greatest number of splicing factors, including components of U2 snRNP (Cus1, Ysf3), factors involved in early spliceosome assembly (Mud2 and Prp5) and factors involved in spliceosome activation, catalysis, or disassembly (Prp2, Slu7 and Prp43, respectively) (Figure [4A](#F4){ref-type="fig"}). The disruptions caused by missense mutations of R294 could be due to changes in Hsh155 structure that influence several binding sites or interactions, a result possibly amplified in the context of the Y2H assay. In support of this idea, transformation and subsequent 5-FOA selection of the *HSH155* shuffle strain with the AD-Hsh155^R294L^ plasmid resulted in viable yeast, showing that AD-Hsh155^R294L^ is active for splicing notwithstanding these altered Y2H interactions ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Surprisingly, both R294L and R294C disrupted identical sets of interactions despite these alleles showing opposite phenotypes in our *ACT1-CUP1* reporter assay (Figure [2F](#F2){ref-type="fig"}). This suggests that while R294L and R294C disturb binding of many of the same splicing factors, the mutations likely alter Hsh155 structure in unique ways.

Aside from the R294C and R294L mutations, interactions between the other *HSH155^MDS^* alleles and the 3΄ SS selection factor Slu7 remained intact (Figure [4A](#F4){ref-type="fig"}). This indicates that while a molecular signature of MDS in humans is selection of cryptic 3΄ SS, disruption of the interaction between Hsh155 and Slu7 is not likely to be a major driver of the process in yeast. Supporting this conclusion is our observation that 3΄ SS choice in the *ACT1-CUP1* assay is unaffected even by the Hsh155^R294L^ mutation (Figure [3C](#F3){ref-type="fig"}--[E](#F3){ref-type="fig"}).

The majority of *HSH155* mutant alleles (10 of 14) altered Y2H interactions to Prp5, implying that many MDS mutations either directly or indirectly influence interactions between these two proteins during spliceosome assembly. Interestingly, previous work has shown that Prp5 mutations also alter BS fidelity at the same positions flanking the branchpoint adenosine that we observe to be altered by the MDS alleles (Figure [2F](#F2){ref-type="fig"}) ([@B49]). Taken together, the Y2H data support the notion that most protein-protein interactions between Hsh155 and other splicing factors are unaffected by Hsh155^MDS^. The major exception is the interaction between Hsh155 and Prp5.

Hsh155^MDS^ mutations affect splicing in a manner distinct from Prp5 proofreading {#SEC3-7}
---------------------------------------------------------------------------------

Since Prp5 plays essential roles during pre-spliceosome assembly and U2/BS pairing, we tested whether the altered interactions between Hsh155 and Prp5 were the cause of the observed changes in BS usage. We noticed that results from the Y2H screen with Prp5 do not directly correlate with those from the *ACT1-CUP1* assay (Figure [4C](#F4){ref-type="fig"}). For example, *HSH155^MDS^* alleles that decrease growth in the *ACT1-CUP1* assay with the nonconsensus A258U BS reporter show a variety of effects in Hsh155/Prp5 in the Y2H assay. This suggests that changes in BS usage arise from more complicated mechanisms than simply disrupting or strengthening the interactions between Hsh155 and Prp5. To resolve this, we investigated the known roles of Prp5 to look for impacts on these functions by MDS mutations.

In an ATP-dependent role, Prp5 has been proposed to displace Cus2 from the U2 snRNP to permit U2 association with the pre-mRNA (Figure [5A](#F5){ref-type="fig"}) ([@B50],[@B51]). We hypothesized that mutation of Hsh155 could be impacting Cus2 displacement by Prp5, and that this could lead to defects in spliceosome assembly and the observed changes in *ACT1-CUP1* splicing. To investigate this, we generated MDS strains with *CUS2* deleted and assayed them in an *ACT1-CUP1* reporter assay using the A258U BS mutant. All *CUS2Δ* strains grew equally well as strains with intact *CUS2* (Figure [5B](#F5){ref-type="fig"}). This shows that the observed changes in pre-mRNA splicing do not result from changes in Cus2 displacement by Prp5 during pre-spliceosome formation.

![Hsh155 MDS mutants affect BS fidelity at a different step than Prp5 proofreading. (**A**) Cartoon depicting the proposed ATP-dependent function of Prp5 in displacement of Cus2 from the U2 snRNP during spliceosome assembly. (**B**) Comparison of Cu^2+^ growth assays using the nonconsensus A258U BS substitution *ACT1-CUP1* reporter pre-mRNA between strains containing and lacking the Cus2 protein. No significant differences were observed between the two strains. (**C**) (Top) Schematic of Prp5 structure indicating the positions of Prp5 mutations used in this assay relative to the two DEAD-box RecA-like domains and the fragment of Prp5 whose structure has been determined by X-ray crystallography. (Bottom) Prp5 has been proposed to undergo a conformational change to promote splicing. The open structure (left) represents the structure determined by X-ray crystallography (pdb 4LJY) while the closed structure (right) is believed to be necessary for ATP hydrolysis and was modeled based on structures of other DEAD-box proteins (coordinates for the closed structure were obtained from Yong-Zhen Xu and Charles Query) ([@B53]). Positions of the Prp5 mutations used in this study are noted. The E235A mutation is believed to favor the closed conformation while the TAG mutation of the SAT-motif is believed to favor the open conformation. It is unclear if the N399D mutation used here would impact conformational switching. (**D**) Cu^2+^ growth assay for strains containing the Hsh155 WT, K335E, or D450G alleles in combination with the given Prp5 mutations (see text for additional explanation of each Prp5 mutation) with the *ACT1-CUP1* reporter containing a consensus BS. (**E**) Cu^2+^ growth assay for combinations of Hsh155 and Prp5 as in part (D) except the U257C nonconsensus BS *ACT1-CUP1* reporter was used. (**F**) Cu^2+^ growth assay for combinations of Hsh155 and Prp5 as in part (D) except the A258U nonconsensus BS *ACT1-CUP1* reporter was used. In panels B and D--F, bars represent the average of three independent experiments, and error bars represent the standard deviation.](gkw1349fig5){#F5}

In addition to Cus2 displacement, Prp5 has also been implicated in proofreading at the BS during spliceosome assembly although the mechanism remains unclear ([@B49],[@B52]). A number of mutations in Prp5 change the splicing of introns with BS substitutions and previous work has suggested that these may function in part by altering interactions between Prp5 and other splicing factors or by modulating Prp5 transitions between open and closed conformations (Figure [5C](#F5){ref-type="fig"}) ([@B37],[@B53]). For example, alanine mutation of the N-terminal DPLD motif of Prp5 (AAAA) disrupts the interaction with U2/SF3b and causes greatly improved splicing of nonconsensus reporter substrates *in vivo* ([@B54]). The Prp5 mutation E235A disrupts the open conformation of the protein and diminishes splicing of nonconsensus reporters, while mutation of the Prp5 DEAD-box SAT motif to TAG may disrupt the closed conformation and improve splicing of nonconsensus reporters (Figure [5C](#F5){ref-type="fig"}) ([@B53]). The Prp5 mutation N399D also increases splicing of nonconsensus reporters; however, its mechanism is unclear ([@B49]). It has recently been proposed that all of these Prp5 mutations ultimately impact splicing by influencing how Prp5 is retained on the pre-spliceosome ([@B37]). In this model, Prp5 ensures BS fidelity by recognizing mispairing between the U2 snRNA and the intron BS and preventing tri-snRNP recruitment in the presence of a mismatch. Prp5 mutants with higher affinity for the pre-spliceosome (*e.g*. Prp5^E235A^) impair nonconsensus BS usage by retention of Prp5 in the pre-spliceosome and preventing tri-snRNP addition. Opposing mutants (e.g. Prp5^AAAA^, Prp5^TAG^ and Prp5^N399D^) promote Prp5 release and progression of spliceosome assembly.

We next investigated the outcome of combining Prp5 mutations with MDS alleles during splicing. For this, we employed the MDS alleles *HSH155^K335E^* and *HSH155^D450G^* because these alleles show opposing effects in BS usage and interaction with Prp5 (Figures [2C](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}; [4A](#F4){ref-type="fig"}). We generated strains expressing each combination of Prp5 and Hsh155 mutations and tested them in *ACT1-CUP1* reporter assays using a consensus intron (Figure [5D](#F5){ref-type="fig"}). No differences were observed for any combination of Hsh155/Prp5 mutations for the WT *ACT1-CUP1* reporter. When Hsh155/Prp5 mutant strains were tested in combination with the U257C and A258U BS substitution reporters, we observed that the Prp5 mutations AAAA, N399D, and TAG improved growth on Cu^2+^ while E235A diminished growth regardless of the Hsh155 background (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). However, the MDS alleles of *HSH155* still affected growth, as strains with Hsh155^K335E^ showed generally diminished growth relative to Hsh155^WT^ and Hsh155^D450G^ strains showed improved growth irrespective of the *PRP5* allele. This suggests that the mechanism of action of the Hsh155 mutations is independent from the mechanism of Prp5 mutation: in our assays, Hsh155 establishes a baseline level of BS usage that Prp5 mutations either can raise or lower.

To further evaluate the effects of Prp5 mutations on interactions between Prp5 and Hsh155, we expanded our Y2H assay to include the Prp5^AAAA^, Prp5^E235A^, Prp5^N399D^, and Prp5^TAG^ mutants. We confirmed expression of all BD-Prp5 variants by western blot ([Supplemental Figure S6A](#sup1){ref-type="supplementary-material"}). BD-Prp5^AAAA^ shows a complete loss of interaction with all AD-Hsh155 variants by Y2H ([Supplemental Figure S6B](#sup1){ref-type="supplementary-material"}). This result is consistent with earlier reports that showed that this region of Prp5 is important for the interaction of Prp5 with the SF3b complex ([@B54]). The BD-Prp5^TAG^ mutant also decreased the interaction with Hsh155. These data support the model that the Prp5^AAAA^ and Prp5^TAG^ mutations improve nonconsensus BS usage by weakening the interaction between Prp5 and other splicing factors. Interestingly, BD-Prp5^E235A^ and BD-Prp5^N399D^ mutants showed only minor changes in growth relative to BD-Prp5^WT^ in Y2H assays despite the strong influence these mutations have on BS usage in *ACT1-CUP1* reporter assays. The Prp5^E235A^ mutant modestly improved growth relative to Prp5^WT^ for a number of Hsh155 mutations (e.g. WT, H331D, K335E, etc.) while Prp5^N399D^ showed slightly impaired growth (e.g. WT, H331D, K335N, etc.). The directions of these changes are consistent with Prp5^E235A^ and Prp5^N399D^ interacting with the pre-spliceosome with different affinities to impact BS usage ([@B37]), and our data support Prp5^E235A^ having higher affinity than Prp5^N399D^.

Importantly, the growth pattern of the *HSH155^MDS^* alleles relative to one another was maintained independent of the Prp5 mutation. For example, AD-Hsh155^N295D^ grew better than AD-Hsh155^WT^ and AD-Hsh155^H331D^ grew worse than AD-Hsh155^WT^ in all instances. While mutation of BD-Prp5 changed the Y2H interaction with AD-Hsh155^WT^ and all Hsh155 alleles equivalently, the AD-Hsh155^MDS^ variants showed distinct changes in Y2H interactions with BD-Prp5. Our results from the *ACT1-CUP1* splicing reporter and Y2H assays argue that MDS alleles influence BS usage at a step distinct from that influenced by Prp5 mutations.

MDS mutations show genetic interactions with a Prp2 ATPase mutant {#SEC3-8}
-----------------------------------------------------------------

To investigate whether MDS mutations can impact splicing at steps subsequent to assembly, we looked for genetic interactions with Prp2. Prp2 is responsible for destabilizing the SF3b complex from the U2/BS duplex to allow further steps in splicing to occur (Figure [6A](#F6){ref-type="fig"}), likely resulting in release of the U2 snRNA/BS duplex so that it may enter the spliceosome active site ([@B45]). We generated strains with the Prp2 ATPase mutation Q548N in backgrounds with two different Hsh155^MDS^ mutations (K335E and D450G). Prp2^Q548N^ confers cold sensitivity (*cs*) to yeast, likely due to poor ATPase and/or helicase activity ([@B34]). Like Prp5, Prp2 is a fidelity factor and its function is correlated with proper basepairing between U2 and U6 snRNAs. Prp2^Q548N^ suppresses lethal mutations in U2 that perturb U2/U6 helix Ia basepairing, suggesting that efficient ATPase activity of Prp2 prevents catalytic activation of spliceosomes with improperly formed active sites ([@B34]).

![MDS mutations interact genetically with a Prp2 mutation. (**A**) Cartoon schematic of Prp2-dependent activation of the spliceosome. Prp2 is believed to destabilize Hsh155 as well as the rest of the SF3b complex from interacting with the BS. The *PRP2^Q548N^* allele likely stalls this process at low temperatures ([@B34]). (**B**) Representative temperature sensitivity growth assays of the given Hsh155 variants in combination with Prp2^WT^ or Prp2^Q548N^ when plated on YPD at the given temperatures. Hsh155^K335E^ partially suppresses Prp2^Q548N^ and Hsh155^D450G^ enhances cold sensitivity.](gkw1349fig6){#F6}

Strains expressing Prp2^Q548N^ grew better at 16°C in the presence of Hsh155^K335E^ than with Hsh155^WT^, while Prp2^Q548N^ in the presence of Hsh155^D450G^ grew slightly worse. (Figure [6B](#F6){ref-type="fig"}). These data indicate that MDS mutations such as Hsh155^K335E^ that impair the splicing of reporter pre-mRNAs containing BS substitutions also partially suppress Prp2^Q548N^ cold sensitivity. This suggests that Hsh155^K335E^-containing SF3 complexes may be partially destabilized and thus aid Prp2^Q548N^ activity, possibly by altering the structure of the SF3 complex during a Prp2-dependent step in spliceosome activation. Mutations that improve splicing (Hsh155^D450G^) may do the opposite. Significantly, since BS sequences sensitive to Hsh155^K335E^ and Hsh155^D450G^ mutations (Figure [2](#F2){ref-type="fig"}) are extremely rare in yeast introns (if they are present at all) ([@B55]--[@B57]), it is likely that the difference in cold sensitivity for Prp2^Q548N^ strains is due to changes in the splicing of introns containing consensus BS (or nonconcensus BS other than those affected by Hsh155^MDS^ in our *ACT1-CUP1* assay). MDS mutations may alter the stability of yeast U2 proteins at the BS in general and this altered stability of the B^act^ spliceosome can in turn modulate the requirement for Prp2. *HSH155^MDS^* alleles might function at multiple steps in splicing and in response to different sequence elements within the BS during each step.

DISCUSSION {#SEC4}
==========

Mounting evidence has implicated mutations in the splicing machinery as potent drivers of human disease ([@B7]). Among splicing factors that have been linked to disease, the essential and conserved U2 component SF3b1 has been found to be frequently mutated ([@B12]--[@B14],[@B41]). We sought to understand the role of SF3b1 during splicing and the impact that MDS mutations can have on the function of the protein. We find that mutations associated with MDS and CLL alter the usage of certain nonconsensus BS without affecting the splicing of introns with consensus BS. Different mutations result in disparate changes in BS usage, and these mutations by themselves do not change 3΄ SS selection. Furthermore, these mutations appear to modify BS usage by a novel mechanism, potentially by disrupting Hsh155/SF3b1 conformations that stabilize weak U2:BS RNA duplexes formed on nonconsensus introns (Figure [7A](#F7){ref-type="fig"}, [B](#F7){ref-type="fig"}). We show that the interaction network of Hsh155 is largely unperturbed by MDS mutations with the exception of Prp5; however, Prp5-dependent proofreading is not driving changes in BS usage. Finally, we show that mutations in Hsh155 have a genetic interaction with *cs* Prp2, suggesting a role for the protein in stabilizing the SF3b complex at the U2/BS duplex until activation. Together, these data suggest that SF3b1 mutations may cause disease through disruption of a BS recognition step conserved between yeast and humans that impacts how nonconsensus splice sites are utilized by the spliceosome.

![Models for SF3b1/Hsh155 function in BS duplex stabilization during splicing. (**A**) Cartoon representation of Hsh155 (light grey and green) and Rds3 (dark gray) bound to the U2 snRNA/BS duplex from the cryo-EM structure of the yeast B^act^ spliceosome ([@B25]). The region of Hsh155 containing the MDS mutations studied here is shown in green. (**B**) Model for SF3b1/Hsh155 action at the BS. In addition to the structure shown in (A), Hsh155 must also exist in a conformation that permits release of the U2 snRNA/BS RNA duplex and splicing. MDS mutations impact Hsh155 conformation and lead to changes that affect recognition and stabilization of the BS duplex. Mutations that increase splicing of nonconsensus BS (e.g. Hsh155^D450G^) could stabilize the 'closed' or BS duplex bound form whereas mutations that inhibit splicing (e.g. Hsh155^K335E^) could favor an open form that is necessary for splicing catalysis but does not help stabilize a mismatched duplex during spliceosome assembly. (**C**) Model for opposing activities of SF3b1/Hsh155 and Prp5 during splicing. SF3b1 functions to stabilize U2 snRNA/BS duplex formation, particularly at nonconsensus or weak BS. Prp5 proofreading opposes this function to enforce BS fidelity by blocking tri-snRNP association. The relative activities of SF3b1/Hsh155 and Prp5 at particular BS may be used to promote or inhibit spliceosome assembly.](gkw1349fig7){#F7}

SF3b1/Hsh155 interacts with numerous splicing factors during splicing {#SEC4-1}
---------------------------------------------------------------------

In both yeast and humans, Hsh155/SF3b1 directly contacts the pre-mRNA substrate in the region near the BS and is probably present throughout splicing ([@B8],[@B23]). This places Hsh155/SF3b1 in a position to influence how BS are selected during assembly as well as later steps in catalysis. One mechanism by which Hsh155/SF3b1 could influence splicing is by regulating the recruitment and retention of spliceosome proteins. Consistent with this role is prior Y2H data showing interactions between Hsh155 and numerous splicing factors ([@B44]), and our data identifying novel Y2H interactions between Hsh155 and Prp2, Prp43 and Slu7 (Figure [4A](#F4){ref-type="fig"}). Our Y2H results confirm recently observed crosslinks between Hsh155 and a Prp43 variant in B^actΔprp2^ spliceosomes ([@B48]). Our Y2H data additionally suggest that destabilization of the SF3 complex by Prp2 may occur in part through direct contact between Prp2 and Hsh155, in agreement with recent cryo-EM structures ([@B24],[@B25]). We speculate that changes in Slu7 function due to altered interaction with Hsh155/SF3b1 may in turn explain how small molecules that bind SF3b1 also impact exon ligation in human spliceosomes, since Slu7 has previously been implicated in 3΄ SS selection in both yeast and humans ([@B43],[@B58],[@B59]). Thus, by modulating interactions between the spliceosome and transiently associated splicing factors, Hsh155/SF3b1 could potentially regulate spliceosome assembly via Prp5, spliceosome activation via Prp2, 3΄ SS selection via Slu7, and spliceosome disassembly or discard via Prp43. Hsh155/SF3b1 may act as a general hub on the spliceosome for proteins needing BS access throughout splicing. This hypothesis is intriguing because the N-terminus of SF3b1 in humans contains numerous ULM regions that interact with additional partners not found in yeast ([@B60]). These additional factors could modulate constitutive or alternative splicing by binding to and acting through SF3b1.

Hsh155/SF3b1 functions to stabilize the U2/BS duplex {#SEC4-2}
----------------------------------------------------

Accurate recognition of splice sites is essential for maintaining the integrity of a spliced mRNA, and the spliceosome has evolved numerous mechanisms to ensure high fidelity at nearly every stage of splicing. Many spliceosome proofreading mechanisms rely on coupling the activity of DExH ATPases with the stalling or discard of spliceosomes ([@B32]). For example, one mechanism proposed for proofreading BS selection involves recognition of mispairing between the BS and U2 snRNA by Prp5 ([@B49]). Mispairing triggers Prp5 retention on the spliceosome, thereby blocking subsequent assembly steps ([@B37]). Our data suggest the functions of Prp5 are unaffected by MDS mutations. First, deletion of Cus2 (which is believed to be removed from U2 by ATP-dependent Prp5 activity) showed no changes in reporter RNA splicing, suggesting that MDS mutations do not act through retention of Cus2. Additionally, Prp5 mutations and MDS alleles of Hsh155 are not epistatic. Prp5 mutations known to affect fidelity still impact splicing when used in combination with MDS alleles, suggesting these mutants act at different times during splicing. Based on these data and our Y2H results, we propose that Hsh155/SF3b1 modulates BS usage in a manner distinct from Prp5. We believe that a function of Hsh155 is to confer stability to weak duplexes, thereby improving spliceosome assembly and splicing on introns containing weak BS.

Hsh155 could help to stabilize structures within the spliceosome that are ultimately necessary for catalysis. Specifically, SF3b1/Hsh155 may help bolster U2/BS duplexes with mismatches near the branchpoint adenosine at the −2, −1 and +1 positions early during spliceosome assembly and this stabilization may allow for progression to subsequent steps in splicing (Figure [7C](#F7){ref-type="fig"}). In this model, mutations that impact splicing, such as those found in MDS, are those that affect the ability of SF3b1/Hsh155 to stabilize the U2/BS duplex, with some mutations conferring greater stability (e.g. D450G) than WT and others conferring less (e.g. K335E). Consistent with this hypothesis are our observations that transversions occurring at A258, which immediately flanks the branchpoint at the −1 position, impact splicing in these mutants. These transversions introduce C/U and U/U mismatches within the snRNA/BS duplex. The A258G transition, which can likely form a stable G/U wobble pair with the snRNA, shows no splicing defects. Also consistent with this hypothesis is that SF3b1/Hsh155 mutations do not change the splicing of an intron containing a consensus BS sequence or a sequence with substitution of the branchpoint adenosine with cytidine. This position is not paired with the snRNA and therefore may contribute less to the overall stability of the helix ([@B61]). Recognition and proofreading of the branchpoint nucleotide is performed by other splicing factors (branchpoint bridging protein/SF1 during assembly and Prp16 prior to 5΄ SS cleavage) ([@B62]--[@B64]) while Hsh155 is critical for formation the U2 snRNA/BS duplex. Finally, our results agree with recent structures of the yeast B^act^ spliceosome. In those structures, the nucleotides of the U2/BS duplex immediately flanking the branchpoint adenosine also make extensive contacts with Hsh155 ([@B24],[@B25]); these are the same nucleotide positions shown by our *ACT1-CUP1* to be impacted by Hsh155^MDS^. Thus, these MDS alleles of Hsh155 may change how Hsh155 interacts with the U2/BS duplex in the branchpoint region and ultimately lead to stabilization or destabilization of duplexes containing nearby mismatches.

Our data also show that MDS mutations that impair BS usage can affect mRNA levels to a greater extent than those that improve usage (Figure [2E](#F2){ref-type="fig"}). The biological function of Hsh155 may be to relax the specificity of the spliceosome and allow it to splice introns with BS that deviate from the consensus sequence and form metastable U2 snRNA/BS duplexes. We propose that this role is of greater necessity in organisms like humans that have introns with poorly conserved splice sites. Indeed, the lack of observable growth phenotypes in yeast expressing MDS alleles is likely the result of the scarcity of nonconsensus BS sequences (Figure [2F](#F2){ref-type="fig"}) in native yeast introns ([@B55]--[@B57]). Intriguingly, this mechanism also suggests a finely tuned balance between Hsh155 and Prp5 function to modulate splicing. In this model, Prp5 would counteract Hsh155 activity and reduce nonconsensus BS usage at a step subsequent to Hsh155 binding of the U2 snRNA/BS duplex (Figure [7C](#F7){ref-type="fig"}). This is consistent with our data that Prp5 and Hsh155 mutations both impact splicing of reporter RNAs when combined (Figure [5D](#F5){ref-type="fig"}--[F](#F5){ref-type="fig"}). Balancing the competing activities of Hsh155 and Prp5 could be used to regulate splicing of transcripts containing particular BS sequences.

Conformational flexibility in SF3b1 leads to changes in BS usage {#SEC4-3}
----------------------------------------------------------------

Proposed structural changes in SF3b1 could play a role in coupling snRNA/BS duplex recognition and stabilization with conformations that either promote or impede splicing. Indeed, conformational changes in SF3b1 have been previously proposed based on low resolution EM reconstructions and the crystal structure of the human SF3b complex ([@B26],[@B65],[@B66]). A number of positions mutated in MDS are involved in intramolecular interactions between helices in the HEAT repeats ([@B26]). Directly affecting the conformational equilibrium between multiple states of Hsh155 is one way to achieve disparate effects on splicing. In our model, binding of intronic RNA downstream of the BS to HEAT repeats mutated in MDS helps to select a closed conformation of Hsh155 that will bind and stabilize the U2/BS duplex (Figure [7B](#F7){ref-type="fig"}). The K335E mutation and others like it impede these processes and favor an open conformation, potentially by interfering with RNA binding or an allosteric switch. Conversely, mutations that improve nonconsensus intron splicing (e.g. D450G) shift the equilibrium towards the closed, duplex-bound state. This model is supported by our observation that MDS mutations have additive effects on splicing, as the shift in equilibrium can be restored by including a second antagonist allele (Figure [2H](#F2){ref-type="fig"}). We cannot exclude an opposing model in which MDS alleles primarily function by disrupting intronic RNA binding near the site of the mutations. In this case, a stable RNA duplex formed between the U2 snRNA and a consensus BS would overcome the effect of mutating this RNA binding site on Hsh155. However, we do not favor this model, as a functional purpose of RNA binding to this region of Hsh155 is unclear. Moreover, a recent mutational analysis of human SF3b1 revealed no detectable changes in RNA binding by SF3b1 after introduction of a MDS mutation ([@B26]). Finally, we note that Hsh155 structural equilibrium may also impact the competition between U2 branchsite stem loop formation and snRNA/BS basepairing to facilitate coupled snRNA and protein conformational changes during splicing ([@B67]). Structures of B^act^ spliceosomes and U2 snRNPs containing MDS mutations would provide interesting insight to the effects these mutations have on the overall structure.

Further evidence supporting the model that conformational change in Hsh155 is an important driver of BS usage comes from our experiments in which MDS alleles were combined with a mutant of Prp2 (Figure [6B](#F6){ref-type="fig"}). These results are consistent with our model that the K335E mutation favors the open, unbound conformation of Hsh155 and D450G favors the closed, bound conformation Hsh155. The former conformation facilitates Prp2-dependent spliceosome activation, while the latter impedes this step. It is likely that spliceosome activation involves release of contacts between Hsh155 and the U2/BS duplex to allow this RNA to enter the active site and splicing to proceed. As suggested by our data, RNA release and structural transitions in Hsh155 are likely coupled to one another as well as to Prp2 activity. ATP hydrolysis by Prp2 may help to trigger Hsh155 conformational change during activation of the spliceosome.

How usage of a different intronic BS leads to alternative 3΄ SS selection in MDS is not immediately obvious based on sequence predictions or structural models. Consistent with our observation that MDS mutants do not have defects in cryptic 3΄ SS discrimination (Figure [3D](#F3){ref-type="fig"}, [E](#F3){ref-type="fig"}), recent work has identified that most splice site changes arise from switching of the BS from a 'weak' BS to 'strong' BS located nearby and upstream of the canonical BS ([@B17],[@B18]). Changes in how MDS mutant SF3b1 stabilizes weak U2/BS duplexes could lead to repositioning of the spliceosome to regions of the intron with differing complementarity to the U2 snRNA. Whether BS repositioning occurs during assembly or in spliceosomes through the action of a DEAH-box helicase (e.g. Prp2 or Prp16) is not known. These helicases facilitate sampling of multiple potential BS by the spliceosome ([@B68]), and how these BS are sampled and their competitiveness with one another may be influenced by MDS mutations in SF3b1. Altered BS sampling in MDS potentially rationalizes the observation that a weak polypyrmidine (Py) tract is necessary for BS switching in humans. The binding of the splicing factors U2AF65/35 to strong Py tracts could help limit BS sampling of neighboring sequences by the spliceosome during assembly.

The work presented here supports a novel mechanism wherein SF3b1 helps to define the BS during pre-mRNA splicing. Furthermore, we have provided insight into how mutations in a splicing factor can change fundamental functions of the spliceosome. The specific changes in alternative splicing that predispose individuals to MDS is currently unclear. Recent work has shown that the MDS-linked U2AF35 S34F mutation predisposes the cell to transformation through aberrant processing of the *ATG7* transcript ([@B69]). A similar mechanism may be occurring in MDS patients with mutant SF3b1, wherein only a fraction of the misprocessed transcripts lead to disease. These misprocessed transcripts may be produced by subtle alteration of how BS compete with one another during splicing and/or by how human-specific splicing regulatory proteins interact with SF3b1 to stabilize BS duplexes containing mismatches. It has been speculated that BS switching due to MDS alleles arises from selection of sequences with increased pairing potential to the U2 snRNA ([@B17],[@B18]), consistent with our results showing that some of the homologous Hsh155 mutations impair splicing when mismatches between the BS and snRNA are present. This suggests that principles that emerge from understanding how these disease alleles alter splicing in yeast will be informative for studies of human splicing in cancer. Understanding how SF3b1 functions in molecular detail is crucial to remedying defects associated with these processes and for designing novel SF3b1-targeted therapeutics for patients suffering from these malignancies.
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